Metal films with arrays of subwavelength holes ͑mesh͒ exhibit extraordinary transmission resonances to which many attribute a role for surface plasmon polaritons ͑SPPs͒; others debated this point. Experimental measurements of propagation lengths are presented under conditions that pertain to the use of SPPs for surface spectroscopy. The lateral extent of electromagnetic propagation along the mesh surface is measured by recording absorption spectra of a line of latex microspheres as a function of distance away from the line along the mesh. Measurements reveal an exponential functional form for decay of absorption signal laterally from the absorption source. Results at 697 cm −1 , which are closest to the strongest transmission resonance of the mesh, reveal a 1/ e propagation distance along the surface of 17.8Ϯ 2.9 m. This is 40% larger than the lattice spacing implicating the holes as the SPP damping mechanism, however, this is significantly shorter than smooth metal expectations.
I. INTRODUCTION
An optically thick, smooth metal film transmits radiation efficiently upon perforation with an array of subwavelength holes.
1-3 These constructions have been called inductive grids 4 or meshes and demonstrate unusual optical properties 1,5-7 including the extraordinary transmission effect. 1,2 More radiation can be transmitted by the mesh than is incident upon its holes, i.e., light that initially hits metal runs laterally along the surface of the mesh until re-emission at a hole. This effect is attributed to a role of surface plasmon polaritons 1,2,7-10 ͑SPPs, a mixed state between light and the conducting electrons of the metal͒ and has garnered much interest and some debate. Distinctions can be made about whether the polaritons are more lightlike or more like waves of surface electrons; however, all of these phenomena are discussed in the recent literature under the heading of surface plasmons ͑SPs͒, and we will do the same. To be clear, the SPs in this work are very lightlike, i.e., more like light trapped at the surface of a metal by interaction with metallic conducting electrons rather than surface electron waves. In this work, measurements are made of the propagation length along the surface of the mesh, which is at a very different angle than the incident beam, using infrared ͑IR͒ absorption spectroscopy. The IR SP nature of the subject metal meshes has been well documented 2,10-12 primarily regarding the positions of transmission resonances. There is some work on the widths and/or lifetimes of these resonances 2, 12 and these results will be considered relative to the presently described measurements of propagation lengths.
Metal films with arrays of subwavelength holes are considered to be new plasmonic metamaterials. 13, 14 Recent reviews exist on mesh plasmonics and its applications, 11, 15 including one of our own work, 12 which pushes extraordinary transmission into the mid-IR region to overlap with the vibrational spectra of molecules on mesh. Interest in both local and propagating SPs 7,16,17 exists because they exhibit high electric fields at the surface of the metal 18 for supersensitive surface enhanced Raman spectroscopy, 19 reduced wavelengths relative to the incident radiation for subwavelength optics 5, 7, 20 and near field scanning optical microscopy, 21 increased transmission to facilitate superlensing 14 and more sensitive absorption spectroscopy, 22 confinement to two dimensions 9 to advance the probing of subwavelength nanospaces, potential for bridging photonics and electronics ͑plasmonics 23 ͒, sensitivity as sensors 17 for bioanalytical assays with SP attenuated total reflection, and more efficient collection of fluorescence 24 using SP coupled emission. All of the above are due in large part to SPmediated optical properties. Doubts about the role of SPs in extraordinary transmission of mesh arrays arose significantly with the work of Lezec and Thio, 25 but their reservations and model have been largely rebuffed. 26, 27 Unexpected attenuation of radiation between slits of subwavelength holes 25 was alleviated by the use of coherent laser sources and now these experiments suggest a role for SPs. 28 Some did not like the larger shifts of resonance positions from zero-order, smooth metal predictions, however, these are now understood as due to coupling of SPs between the front and back surfaces of the mesh through the holes. [10] [11] [12] 29 One can also observe transmission resonances due to modes other than SPs for "bad" SP metals ͓such as Cr, 30 27, 36 and cathode luminescence. 37 These and related techniques run into challenges as they approach the IR region. The first SP propagation measurement in the IR was made in 1973 by Schoenwald et al. 38 and Zhizhin et al. 39 using a pair of prism couplers. CO 2 laser light ͑at the appropriate angle͒ was prism coupled into the nonleaky SP mode of a smooth air/metal interface, which propagated for a distance until light was coupled out with a second prism. Plots of output intensity versus distance between the prisms yield 1 / e propagation constants. Furthermore with molecules at the air/metal interface, such sequences of measurements could be repeated at different frequencies ͑subject to the limited tunability of high power CO 2 lasers͒ yielding absorption spectra of the molecules 39, 40 in plots of 1 / e propagation length versus frequency. This was a lot of work, but piques interest in using SP phenomena to obtain molecular vibrational spectra. How do SP properties manifest themselves in systems better attuned to acquiring vibrational spectra? Since a Fourier transform IR ͑FTIR͒ microscopic imaging spectrometer could use metal microarrays to access SPs, how would the incoherent IR source and the spread of k values influence the results? In this work, spectroscopic measurements are made at a range of wavelengths throughout the mid-IR region with regard to how far the probing radiation ͑SPs͒ runs laterally along the surface of such arrays.
II. IR IMAGING EXPERIMENT
Latex ͑polystyrene͒ microspheres were chosen as the sample in these experiments because they have vibrational features throughout the mid-IR region and they can be arranged in space on the microscale. There is in fact a growing body of work in nanotechnology using micro-and nanospheres as carriers of drug molecules, 41 as microlasers, 42 as well as substrates for reactions giving nano-/microscale constructions, 43 such as metal nanoshells. 44 In this work, experiments were accomplished using polystyrene microspheres from Duke Scientific ͑Surf-Cal PD2000, 2.01Ϯ 0.04 m diameter in de-ionized filtered water, 3 ϫ 10 8 particles/ ml, n = 1.59 at 589 nm͒. The samples were prepared by evaporation of a small drop of the commercial suspension on Ni photonic mesh ͑Precision Eforming, 12.6 m square lattice parameter, 5.5 m square holes, ϳ2 m thickness͒ leaving a macroscopic ring of microspheres on the surface from the edge of the drop. After drying, a drop of distilled water was applied without any agitation to dissolve any surfactant and the drop was removed with a corner of a Kimwipe™. A scanning electron microscope ͑SEM͒ image of a portion of the resulting ring, although not the exact region probed spectroscopically, is shown in the inset of Fig. 1 as recorded with a JEOL JSM-5500 instrument. In a microscopic region, one obtains a line of microspheres ͑both in and out of holes͒ and experiments proceed by measuring the IR absorption spectrum of the polystyrene as a function of distance from the line of microspheres. An IR absorption spectrum ͑flattened baseline͒ from a region directly over the line of latex microspheres is shown in Fig. 1 . Each vibrational band represents a wavelength at which lateral propagation of light can be investigated.
IR transmission spectra of a 125ϫ 37.5 m 2 region including a line of 2 m diameter latex microspheres were recorded in the imaging mode of a FTIR microscope ͑Perkin Elmer Spectrum Spotlight 300 with a Cassegrain optical system, numerical aperture= 0.6͒. An optical image of this region is shown at the bottom of Fig. 2 . The blackened region is the line of latex microspheres and the white dotted line shows the position of the pixels closest to the end of the latex microsphere sample. Spectra were recorded at 4 cm −1 resolution, with 256 scans, at 6.25 m / pixel using a 16 detector array of liquid nitrogen-cooled HgCdTe elements, requiring 80 min of acquisition time, using a region of mesh absent of latex microspheres as background. The result was a transmission spectrum from 670 to 4000 cm −1 at each point in a square grid of 6.25 m pixel size, i.e., 120 spectra, each from a point on a 20 pixel by 6 pixel grid within the image region. The software allows one to extract absorbances of specific vibrational features over the image grid by choosing two points at nearby frequencies that define a baseline for a peak maximum at a specified frequency. The top three panels of Fig. 2 are contour absorbance plots at 697, 1452, and 3024 cm −1 corresponding to the bottom optical image. Clearly, absorption extends further into the bare mesh region as the frequency gets smaller.
III. IR IMAGING RESULTS FOR PROPAGATION LENGTHS
Since results depend on the ability to make measurements in regions of exponentially decaying signal, the imaging regions have been oriented so that averaging may be employed vertically, parallel to the line of microspheres. Averages of absorbance over the six vertical pixels are displayed at selected frequencies of vibrational bands of polystyrene microspheres in Fig. 3 . Each point in the plots of Fig.  3 corresponds to 6 ϫ 256= 1536 scans. The absorbance data were fitted with a nonlinear least-squares program to obtain the ␣ 0 and ␣ 1 parameters of the following exponential form:
where x is distance from the end of the microsphere line, ␣ 0 is the intensity of absorption, ␣ 1 is the 1 / e propagation distance, and ␣ 2 is an offset determined by averaging the four most distant points in the image from the line accounting for imperfections in the background. The resulting fit curves are given graphically for selected vibrations in Fig. 3 and the numerical parameters are given at all available vibrational frequencies in Table I . The data fit very well to an exponential function, particularly at the smaller vibrational frequencies-even though three or so holes occupy the space spanned by these measurements. However, other functions, such as a Gaussian, have comparable ͑and sometimes marginally better͒ fits at the larger vibrational frequencies ͑shorter wavelengths͒. In fact, at wavelengths shorter than the pixel size, it can be expected that the details of the microsphere arrangement become important and should be rigorously convolved with the exponential function of lateral propagation.
On this mesh, the smallest frequencies have the largest The data have been nonlinearly fit to an exponential function ͑solid lines͒ in order to determine 1 / e propagation distances ͑͒ that are given on each trace and at various other wavenumbers in Table I. 1 / e propagation distances. At 697 cm −1 , the 1 / e propagation distance is 17.8 m, which is larger than the 7 m of metal between holes, the 12.6 m lattice parameter ͑hole-centerto-hole-center distance͒, and the 14.3 m wavelength of the incident light. The 697 cm −1 frequency is close to the strongest transmission resonance on this mesh, [10] [11] [12] 29 which occurs at 749 cm −1 at perpendicular incidence ͑k x =0͒. The Cassegrain optical system of the FTIR microspectrometer does not transmit rays on the optical axis. It transmits angles nominally from 21°-37°cylindrically off of the optical centerline, with the smaller angles having more intensity. The frequency of the 697 cm −1 vibration lies between the k-space dispersion curves of the ͑Ϫ1,0͒ and ͑0, Ϯ 1͒ resonances in the ⌫X geometry and near the ͑Ϫ1,0͒ and ͑0,Ϫ1͒ resonances in the ⌫M direction. It does not optimally overlap with any of these, but all of these resonances are sufficiently wide that there is some overlap. From one preliminary experiment ͑Rodriguez͒, a 1/ e propagation distance of 27 m was obtained by tilting the mesh by 13°relative to the surface of the microscope stage. So we suspect that one can do better with tilting compared to the present flat results. Also, note that the data in Fig. 3 are noisiest at 697 cm −1 because the instrument's specified range ends at 720 cm −1 , i.e., there is diminishing light and higher noise at 697 cm −1 .
IV. CONCLUSION
At 697 cm −1 , which is closest to the most intense SP resonance, the principle results are a single exponential distribution with a 1 / e propagation constant of 17.8Ϯ 2.9 m. Expectations about these results come from the theory of SP damping at smooth metal interfaces, 45 which predicts exponential damping due to factors such as the intrinsic mechanism ͑from the complex dielectric constants of the metal and substrate͒, as well as scattering from surface roughness. Using a complex dielectric "constant" 46 for Ni metal of −2378+ i1481 at 697 cm −1 , an intrinsic 1 / e propagation distance of 8.7 mm is predicted. While the observed value is a factor of ϳ480 times shorter than the intrinsic value, note that the observed value is still larger than the mesh lattice parameter ͑12.6 m͒, larger than the wavelength ͑697 cm −1 → 14.3 m͒, and the corresponding transmission resonances still disperse like SPs. Unlike smooth metal surfaces, the SPs on mesh have more complicated options, including lateral reflection or transmission at holes ͑on the front and back side of the mesh͒, as well as output in the forward or backward direction at holes. For this reason, it was not at all clear that a simple exponential would be obtained as the attenuation function. The single exponential result provides evidence for the mesh acting as an effective medium at wavelengths larger than the lattice parameter, with a single dominant damping mechanism-the holes ͑as opposed to other possible alternatives such as surface roughness͒.
The present results can be compared to previous work 2 on similar metal meshes, which offered a formula predicting a resonance linewidth of 67 cm −1 at a frequency of 697 cm −1 corresponding to a propagation distance of 22 m ͑at 94% of c͒, which is in reasonable agreement with the present measurement of 17.8Ϯ 2.9 m. This suggests that lateral SP propagation with damping at holes is the same phenomenon that gives rise to the width ͑or lifetime͒ of the transmission resonances. The holes are strong damping units with the majority of SP damping occurring in the region of the first hole and a bit less at the second. Note that damping at mesh holes causes loss of SPs but does not necessarily result in loss of photons from the emerging photon beam, i.e., perforated mesh is also a good output coupler. The currently measured propagation length at 697 cm −1 corresponds to a kЉ value ͑imaginary part of the SP wavevector parallel to the surface͒ of 281 cm −1 using the relation that propagation length equals 1 / ͑2kЉ͒. Such measurements should be useful to the development of theoretical models for metal films with arrays of holes ͑as are available for smooth metal interfaces͒.
Our ultimate motivation for this study concerns the expectation that large SP lateral propagation distances would give rise to large absorption path lengths. However, if lateral propagation was important ͑particularly at the longest spectral wavelengths͒, then we should observe large enhancements in the intensity of the peak at 697 cm −1 relative to the other peaks in the absorption spectrum. Enhancements due to lateral propagation along the surface are only of the order of a factor of ϳ3. This mechanism is not responsible for most of the IR absorption enhancements reported by us. 11, 12 Apparently, whether material is inside or out of the microholes is much more important for spectroscopic enhancements and the subject of a following paper.
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